Two gonadotropins (Gths), follicle-stimulating hormone (Fsh) and luteinizing hormone (Lh), control gonadal steroidogenesis and gametogenesis in vertebrates, including teleost fish. Here, we report on the production of biologically active recombinant Fsh (rec-Fsh) and Lh (rec-Lh) in Japanese eel using Drosophila S2 cells. The three subunits composing Gths, i.e., glycoprotein hormone, alpha polypeptide (Cga), follicle-stimulating hormone, beta polypeptide (Fshb), and luteinizing hormone, beta polypeptide (Lhb), were at first independently produced and were proven to be glycosylated and secreted as the mature peptides. Each beta subunit, along with its Cga, was simultaneously coexpressed to produce heterodimeric rec-Fsh and recLh that were subsequently highly purified. The biological activity of rec-Gths was demonstrated in various in vitro assays. The rec-Gths differentially activated their receptors, which resulted in an increase in 11-ketotestosterone (11KT) secretion, a differential alteration of gene expression of steroidogenic enzymes in immature testis, and the induction of the complete process of spermatogenesis in vitro. The data strongly suggest that Fsh and Lh differentially play important roles in the reproductive physiology of the Japanese eel. By contrast, these rec-Gths exhibited little activity in the gonad when administered in vivo. This difference between in vitro and in vivo bioactivity is probably due to the qualitative nature of glycosylation in S2 cells, which resulted in degradation of the recombinant protein in vivo. These differences in the carbohydrate moieties need to be elucidated and ameliorated.
INTRODUCTION
It has been well established in vertebrates that two gonadotropins (Gths), follicle-stimulating hormone (Fsh) and luteinizing hormone (Lh), are the primary regulators of gonadal steroidogenesis and gametogenesis [1] . Like other members of the family of pituitary glycoprotein hormones, including thyroid-stimulating hormones and chorionic gonadotropin (CG), Gths are composed of the common glycoprotein hormone, alpha polypeptide (Cga; previously known as glycoprotein hormone a subunit), noncovalently associated with hormone-specific beta polypeptides (Fshb and Lhb; follicle-simulating hormone b subunit and luteinizing hormone b subunit). The glycosylation of each polypeptide and its heterodimerization are essential for its specific biological activity [2] .
Duality of Gth in teleost fish was first reported in salmonids [3, 4] , then in a wide variety of species [5] [6] [7] [8] [9] . Further, a relatively recent discovery of the cDNA encoding Fshb in primitive species such as eel [10] and catfish [11] strongly supports that this duality is ubiquitous in teleosts. However, the differential actions of each Gth have not been well described in teleosts, unlike in mammals, although it has been suggested that in salmonids Fsh and Lh play a primary role in early gamete development and maturation, respectively [12] [13] [14] .
Recent advancements in the isolation of fish gonadotropin cDNAs provide the opportunity to produce a variety of speciesspecific recombinant Gths (rec-Gths) [15] [16] [17] [18] [19] [20] . These fish recGths were produced by invertebrate sources and have been shown to be biologically active in vitro. Furthermore, the in vivo hormonal activity was also demonstrated in the Manchurian trout [18] and grouper [17] . In the trout, it was demonstrated that a single administration of the recombinant gonadotropin (rec-Gth) induced vitellogenic growth of the oocytes within 3 days [18] . This aspect is important for industrial aquacultural application of rec-Gth produced in invertebrate expression systems, which can have the advantage of high production at low cost. Unfortunately to date, recombinant glycoprotein hormones produced by insect cells have proven to be inactive in vivo due to the rapid clearance from the circulation in mammals [21, 22] . Even though mammalian rec-Gths have been successfully produced and extensively used for endocrine studies [23, 24] , only rec-Gths produced by mammalian cells are applied as pharmaceutical reagents in humans [25, 26] .
Japanese eels (Anguilla japonica) caught from the wild have immature gonads, and further gametogenesis is arrested under captive conditions. However, gonadal development can be induced by the administration of gonadotropic reagents such as salmon pituitary extracts [27] . Since gonadotropic effects of exogenous hormones can therefore be readily assessed, the Japanese eel would be a suitable model for the study of reproductive physiology in fish gonads. Furthermore, cDNAs encoding genes related to the gametogenesis, e.g., the subunits [10, 28] and the receptors (GenBank accession EU635883; [29] ) of Gths, and steroidogenic enzymes [30] [31] [32] [33] [34] , have been extensively isolated. These molecular tools make it possible to more precisely analyze the effects of endocrine factors on the gonads.
In the present study, a large quantity of Japanese eel recombinant Fsh (rec-Fsh) and Lh (rec-Lh) was produced using a Drosophila expression system previously established [20] , and the biochemical properties of the rec-Gths were investigated. In addition, the biological activities both in vitro and in vivo have been thoroughly examined, thus allowing further investigations of the differential roles of fish Fsh and Lh in reproductive physiology and the use of rec-Gth in aquaculture situations.
MATERIALS AND METHODS

Construction of the Expression Vectors and Production of Recombinant Protein
Construction of the expression vectors and production of recombinant protein were performed as described elsewhere [20] with some modification. In brief, total RNA was extracted from Japanese eel pituitary using ISOGEN (Nippongene, Tokyo, Japan) and was reverse-transcribed into cDNA using PowerScript (BD Bioscience, Palo Alto, CA) after priming with a clamped oligo(dT) primer. The cDNAs encoding the entire subunits of Gths, Cga [28] , Fshb [10] , and Lhb [28] , were amplified from the pituitary cDNA and subcloned into a pMT/V5-His expression vector (Drosophila expression system [DES]; Invitrogen, Carlsbad, CA) in which recombinant protein expression is controlled by a metal, inducible metallothionein promoter. The resultant cDNA subunit was designed to generate an in-frame hexahistidinyl fusion (His-tag) peptide at the C-terminus. In order to produce the heterodimeric Gths, the simultaneous expression of Cga and a b subunit (namely Fshb and Lhb) was mediated using a modified pMT/V5-His vector in which the a and b subunits were inserted downstream of two different promoters. In this construct, the native termination codon of the Cga was maintained; therefore, the C-terminal His-tag was absent.
Drosophila S2 cells (Invitrogen) were maintained according to the manufacturer's protocol and transfected with each of the Gth constructs and a selection vector, pCoBlast, using Effectene transfection reagent (Qiagen, Valencia, CA). Stable lines for each Gth expression construct were established after the selection with blasticidin (Invitrogen). After expansion, the cells were transferred into serum-free medium, and protein expression was induced with CuSO 4 (500 lM) in a baffled shaker flask. The cell-free medium was harvested 4 days postinduction, the glycoprotein fraction was concentrated by ultrafiltration (10 000 Molecular Weight Cut Off; ADVANTECH, Tokyo, Japan), and then ethanol-precipitated [35] . In brief, the concentrated medium was dialyzed with 10% ammonium acetate (pH 7.4), adjusted to 35% ethanol (v/v) with gentle stirring, and kept at 48C overnight. The preparation was centrifuged at 10 000 3 g for 10 min, and the supernatant was adjusted to 85% ethanol (v/v) and left at 48C overnight without stirring. The precipitate was recovered by centrifugation at 10 000 3 g for 15 min, and the resultant pellet was dissolved in 50 mM NaH 2 PO 4 , 300 mM NaCl, and 10 mM imidazole (pH 8.0).
The rec-Gths were purified from the nonspecific glycoprotein fraction using immobilized metal affinity chromatography (IMAC; Ni-NTA; Qiagen) according to the manufacturer's instruction and dialyzed with PBS (50 mM phosphate buffer [pH 7.4], 150 mM NaCl). The dialysate was subjected to gel filtration using a Superdex 75 column equilibrated with the PBS and eluted with the same buffer in an FPLC system (AKTA 10S; GE Healthcare, Amersham, U.K.). Purity of the resultant eel rec-Gth preparation was examined by SDS-PAGE and Coomassie brilliant blue staining (CBB: see below), and the protein concentration was determined by a BCA protein assay (Pierce, Rockford, IL).
Recombinant Cga was also synthesized in Escherichia coli as described elsewhere [36] . In brief, the cDNA encoding the mature Cga peptides (amino acid residues 22-117) was ligated into pQE 30 vector (Qiagen), with a His-tag fusion at the N-terminus. The construct was transformed into the M15 bacterial strain, and protein expression was induced with isopropyl-b-D-thiogalactopyranoside (1 mM). The rec-Cga was purified with Ni-NTA.
Generation of Polyclonal Antibodies Against Each Subunit of Eel Gths
Purified rec-Cga produced by E. coli or each rec-beta polypeptide produced by S2 cells (1-2 mg) was emulsified in an equal volume of Freund complete adjuvant. Rabbits were immunized with a quarter amount of the emulsion. The same amount of emulsions was weekly injected again 2 to 4 wk after the first immunization. The first bleeding, to confirm the generation of antibody, was carried out 3 wk after the first immunization; thereafter, antiserum were collected every 2 to 3 days until 2 wk after the last immunization.
Gel Electrophoresis and Western Blot Analysis
Recombinant proteins (1-5 lg per lane) were analyzed by 15% SDS-PAGE under reducing condition. Proteins were stained with CBB or a GelCode Glycoprotein staining kit (Pierce).
Proteins in the gels were electrophoretically blotted onto polyvinylidene difluoride membranes (PVDF; Millipore, Bedford, MA) and were blocked with 10% skim milk powder. The membranes were incubated with either rabbit antirec Cga, anti-rec Fshb, or anti-rec Lhb (1:5000) in TBS-T (20 mM Tris-HCl [pH 7.4], 150 mM NaCl, and 0.05% Tween 20) buffer containing 10% skim milk powder at 48C overnight, followed by goat anti-rabbit IgG conjugated with alkaline phosphatase (Funakoshi, Tokyo, Japan) for 30 min at room temperature. After washing, the membrane was treated with 4-nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-indolyphosphate p-toluidine salt as chromogen to reveal immunoreactive bands.
Deglycosylation of rec-Gth Subunits
Approximately 5 mg of purified recombinant rec-Gth subunits was reduced, denatured, and incubated at 378C for 18 h in the presence of glycopeptidase F (1 mU; Takara, Tokyo, Japan), which specifically digests N-glycan chains, according to the manufacturer's procedure.
Determination of the N-Terminus Amino Acid Sequence of rec-Gth Polypeptides
Purified rec-Gth subunits produced by S2 cells were fractioned by SDS-PAGE and transferred onto a PVDF membrane. The membrane was stained with CBB, and the portion with each rec-Gth subunit was cut out. The Nterminus amino acid sequence of each subunit was determined by a protein sequencing system, Procise 492HT (Applied Biosystems, Tokyo, Japan), following the manufacturer's instructions.
Determination of rec-Gth-Induced Activation of Receptors
The cDNAs containing the entire open reading frame of Japanese eel Fsh receptor (Fshr) [29] and luteinizing hormone receptor (Lhr; GenBank accession EU635883) were ligated into a eukaryotic expression vector, pSI (Promega, Madison, WI). Establishment of their reporter assay system to determine the signal transduction via cellular cAMP enhancement was described elsewhere [37] , with minor modifications. In brief, COS cells were maintained, grown in Dulbecco modified Eagle medium supplemented with 10% fetal bovine serum in 100-mm tissue-culture dishes. Cells were seeded into 60-mm culture dishes and cotransfected with a Renilla luciferase reporter plasmid, pRL-Null plasmid (0.5 ng; Promega), a cAMP-responsive element-firefly luciferase reporter construct (1 lg) [37] , and either one of the eel Gth receptor (Gthr) expression constructs or an empty pSI vector (50 ng: Promega) using Effectene Transfection Reagent (Qiagen) according to the manufacturer's instructions. One day after transfection, the cells were trypsinized, replated into 96-well culture plates, and incubated for 1 day. Thereafter, cells were serum-starved 2-3 h prior to hormone treatments and then exposed to defined medium containing 1% BSA and either each rec-Gth subunit, heterodimeric rec-Gths, or salmon pituitary extract (SPE) [38] for 6 h. Medium was removed and the cellular enzymatic activities of both firefly and Renilla luciferase were sequentially measured with a Dual-Luciferase Reporter Assay System (Promega) using a Luminescencer PSN AB-2200 (ATTO, Tokyo, Japan).
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The Renilla luciferase activity provided an internal control to monitor transfection efficiency and the variance of cell number in each well. Firefly luciferase activity was normalized to the Renilla luciferase activity. Four replicates of each experiment were conducted.
Short-Term Culture of Japanese Eel Testis
To examine the bioactivity of rec-Gths in the natural target tissues, the effects on testicular steroidogenesis were examined. Tissue fragments were prepared from an eel immature testis, and 10-mg fragments were distributed into each well of a 24-well culture plate with 1 ml eel Ringer solution [30] . The fragments were incubated at 208C for 18 h in the absence or presence of eel recGths (20 or 200 ng/ml, respectively) or hCG (0.05 IU/ml). Three replicate incubations were conducted for each experimental group. After incubation, the eel Ringer solution and the testicular fragments were collected and frozen until use. The concentration of the spermatogenesis-inducing androgen, 11-ketotestosterone (11KT), in the Ringer solution was determined by TR-FIA as described elsewhere [39] . The transcript abundance of three steroidogenic enzymes, specifically cyp11a1 (cytochrome P450, subfamily XIA, polypeptide 1; previously known as P450scc, cholesterol side-chain cleavage enzyme), cyp17a1 (cytochrome P450, family 17, subfamily A, polypeptide 1; previously known as P450c17 type1, steroid 17a-hydroxylase/C17-20 lyase type1 cytochrome P450c17), and hsd3b (hydroxy-delta-5-steroid dehydrogenase, 3 beta; previously known as 3b-hydroxysteroid dehydrogenase/D4-D5 isomerase) in the tissues was determined by real-time quantitative RT-PCR assays (rtqRT-PCR; see below). All animal husbandry and experimentation described hereafter were conducted in accordance with the Guide for Care and Use of Laboratory Animals approved by the University Committee of Laboratory Animal Experimentation (Hokkaido University).
Measurement of Transcript Abundance of Steroidogenic Genes
Total RNA was extracted from testicular samples, and 1 lg of total RNA was reverse-transcribed using M-MLV reverse-transcriptase (Invitrogen) after priming with a clamped oligo(dT) primer. The transcript abundance of three steroidogenic enzyme genes was determined by rtqRT-PCR with TaqMan Universal PCR Master Mix (PE Applied Biosystems, Foster City, CA) using an ABI Sequence Detection System 7000. The establishment of rtqRT-PCR assays for steroidogenic enzyme genes and the primer/probe sets have been described elsewhere [40] . Abundance of the gene transcript was normalized to the abundance of actb (b-actin) [41] and expressed as a fold change in abundance relative to the control group. The primer/probe set for actb that was established was 5 0 -ACGGGCAGGTCATCACCAT-3 0 (Forward), 5 0 -AGTTGAAGGT-GGTCTCGTGGATT-3 0 (Reverse) and FAM-5 0 -CCTTCCTTCCTGGGTATG-GAGTCCTGC-3 0 -TAMRA (Probe). The detailed procedure to design and synthesize the primer/probe sets and to validate rtqRT-PCR assay has been fully described elsewhere [42] .
Long-Term Culture of Japanese Eel Testis
The biological activity of the rec-Fsh and rec-Lh was further tested to determine each hormone's ability to induce spermatogenesis in vitro using an established long-term organ culture technique of eel testis [43] with minor modifications. In brief, immature testis was removed under sterile condition and cut into small pieces. A fragment was placed on elder pith and incubated at 208C for 30 days in 0.5 ml of L-15 medium supplemented with L-glutamic acid (0.1 mM), L-aspartic acid (0.1 mM), L-proline (1.7 mM), bovine insulin (1 mg/ l), HEPES (10 mM; pH 7.4), and various concentrations of rec-Gths (0-100 ng/ ml) or hCG (0.05 IU/ml) as positive control. The medium was changed every 7 days. After 30 days of incubation, the testicular fragments were fixed with Bouin fixative, processed into paraffin sections, and stained with hematoxylin and eosin using standard histological protocols.
Hormonal Treatment of Female Japanese Eels In Vivo
Fifty-five cultivated eels, feminized by estradiol-17b administration [44] , were acclimated to seawater. An ovarian biopsy determined the developmental stage of their oocytes. Five eels were killed immediately to serve as initial controls, whereas the rest received weekly i. , 8 injections) . At the end of the treatment, the fish were anesthetized with 2-phenoxyethanol and the body weight was measured. Ovarian tissues were immediately removed after decapitation, the gonadal weight was scored, and the gonad-somatic index (GSI; gonadal weight/body weight) was calculated. A few small ovarian tissue fragments from all fish were fixed with Bouin fixative and stored in 70% ethanol until histological analysis.
Hormonal Treatment of Male Japanese Eels In Vivo
After acclimation to seawater, testis was collected from five immature male eels and served as initial controls. A further 20 immature male eels received a single injection of hCG (5000 IU/kg-BW), each rec-Gth (5 mg/kg-BW), or eel Ringer solution (five fish for each group). Eighteen days after the injection, testes were removed from all treated fish. The GSI was estimated and testicular fragments were fixed and stored as described above.
Statistical Analysis
All numerical data are presented as means 6 SEM. Statistical differences were determined by one-way analysis of variance followed by Fisher PLSD (Protected Least Significant Difference) post hoc test.
RESULTS
Production and Characterization of Eel rec-Gth Subunits
Stable S2-cell lines expressing each subunit of Japanese eel Gth, i.e., Cga, Fshb, and Lhb, were established and expanded. The rec-Gth subunits secreted into the culture medium were purified by an ethanol precipitation, IMAC, and a sizeexclusion chromatography using a Superdex75 column. Purity was assayed by SDS-PAGE analysis under reducing conditions (Fig. 1) . Staining for total protein (Fig. 1A) or glycoprotein (Fig. 1B) revealed that the purified rec-Cga and Lhb were   FIG. 1 . SDS-PAGE analysis (15%) and the structures of N-terminal regions of Japanese eel rec-Gth subunits purified from conditioned medium of S2 cells stably expressing Cga, Fshb, and Lhb, respectively. A) Total protein staining. B) Glycoprotein staining. C) N-terminal amino acid sequences of recombinant subunits of eel Gth. Lanes 1-2: Cga; lanes 3-4: Fshb; lanes 5-6: Lhb; lanes 1, 3, and 5: intact rec-proteins; lanes 2, 4, and 6: deglycosylated rec-proteins.
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single peptides with estimated molecular masses of 17.5 kDa and 16.5 kDa, respectively. In contrast, the rec-Fshb preparation appears to be made up of two glycoprotein bands (15.5 and 14 kDa). After deglycosylation, as indicated by the negative glycoprotein stain, the molecular masses of all three eel rec-Gth subunits decreased, and the heterogeneity of the Fshb subunit preparation was abolished.
The N-terminus amino acid sequences of each rec-Gth subunit are shown in Figure 1C . The N-terminus sequences of rec-Fshb and rec-Lhb started from Ser 20 and Ser 25 in the corresponding deduced amino acid sequences from the cDNAs, respectively, and both start positions and the sequences were identical to the predicted N-terminus arrangements of the mature peptides [45, 28] . N-terminal regions of both high and low molecular proteins of rec-Fshb were completely identical. The N-terminus sequence of rec-Cga was NH 2 -Glu 29 -Met 30 -Ala 31 -Arg 32 . This amino acid sequence was confirmed in the amino acid sequence deduced from eel cga cDNA, although the start position of the rec-Cga is four amino acids downstream when compared to that identified in the native eel Cga purified from the pituitary [45] .
Production and Characterization of Heterodimeric Eel rec-Fsh and rec-Lh
The strategy of producing both a and b subunits simultaneously, designated as rec-Fsh and rec-Lh, using the dual promoter vectors was conducted as described elsewhere [20] . After SDS-PAGE under reducing conditions, three bands were visualized by total protein stain in the rec-Fsh preparation ( Fig. 2A) , and the molecular masses of two lower bands were identical to Fshb subunits (Fig. 1A) . The molecular weight of the highest band was calculated as 16-17 kDa, which is approximately 1 kDa smaller than the protein in the rec-Cga preparation (Fig. 1) due to the lack of the His-tag. Only a single band was detected in rec-Lh, probably due to the similar sizes of the glycosylated Cga and Lhb (Fig. 2A) . Western blot analysis of rec-Gths using antiserum raised against the recombinant eel Cga produced by E. coli confirmed the identity of 16-to 17-kDa protein as rec-Cga subunit in preparations of both rec-Fsh and rec-Lh (Fig. 2B) . The presumptive bands for Fshb (Fig. 2C) and Lhb (Fig. 2D) were specifically recognized by the corresponding antiserum. Production of rec-Gths was independently conducted three times, and the yields were 3.82 6 0.89 mg/l and 2.38 6 0.11 mg/l for rec-Fsh and rec-Lh, respectively.
Cyclic AMP Production Through Receptor Activation by rec-Gths In Vitro
To evaluate the biological activity of the rec-Gths and their subunits, production of a cAMP-responsive reporter was used as a measure of activation of recombinant eel Fshr and Lhr expressed in COS cells. None of the individual subunits activated the receptors (Fig. 3) ; however, the heterodimeric recGth (200 ng/ml), through its appropriate receptor, induced cAMP-dependent reporter expression 2-to 3-fold.
In general, the rec-Gths activated their receptors in a dosedependent manner (Fig. 4) . A concentration of 5 ng/ml rec-Fsh was sufficient to activate Fshr, and 200 ng/ml rec-Fsh induced maximum reporter expression 2.7-fold over the control. High concentrations (over 100 ng/ml) of rec-Lh also activated the Fshr, but the level of activation was less than that induced by rec-Fsh (Fig. 4A) . In contrast, rec-Fsh did not enhance luciferase expression through the Lhr. A concentration of 50 ng/ml rec-Lh induced a 1.6-fold increase in reporter activity, and a maximum activity 2.3-fold greater than controls was inducible with concentrations over 100 ng/ml (Fig. 4B) . COS cells transfected with a vector without cDNAs of Gth receptors showed no changes in luciferase activity in all experimental groups (data not shown). 
Biological Activity of rec-Gths in Japanese Eel Testis In Vitro
The hormonal activity of eel rec-Gths in the natural target tissue was also confirmed by rec-Gth-induced steroidogenesis using a short-term culture system of the immature testis (Fig.  5) . Both rec-Gths at 200 ng/ml and hCG (0.05 IU/ml) enhanced the release of 11KT (spermatogenesis-inducing androgen) from eel testis equally (Fig. 5A) . Testicular gene expression of some steroidogenic enzymes was also significantly induced at the higher concentrations of rec-Gths and with hCG (Fig. 5, B-D) . Testes in this stage of development tended to be more responsive to rec-Fsh than rec-Lh. For example, the hsd3b gene was maximally upregulated by rec-Fsh to more than five times greater than control, whereas rec-Lh was ineffective (Fig.  5C ). It also should be noted that the average values for actb transcript abundance were not statistically different between the experimental groups; therefore, the modulation of steroidogenic enzyme expression was not due to the changes in actb transcript abundance.
Furthermore, spermatogenesis was actively induced by both rec-Gths as well as hCG in an established long-term culture   FIG. 4 . Concentration-dependent effects of heterodimeric rec-Gths or SPE on the activation of eel Gthrs. Eel rec-Gthrs were expressed in COS cells and treated with either rec-Gths or SPE, and luciferase activity was determined in each experimental group as an indicator of the activation of eel Gthrs. The values are expressed as a fold change in abundance relative to the values in the control group. A) Fshr. B) Lhr. The asterisk indicates statistically significant differences (P , 0.05).
FIG. 5. Effects of different
Gths on steroidogenesis in immature eel testis. Changes in 11KT concentration in the media (A) and transcript abundance of steroidogenic enzymes in the testis (B-D) after gonadotropic treatment are presented as mean 6 SEM of triplicate observations. The asterisk indicates statistically significant differences (P , 0.05).
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system of eel testis [42] . Testis before gonadotropic treatment (Fig. 6A ) and a control group in culture without hormonal treatment for 30 days (Fig. 6B) contained type A or early-type B spermatogonia before proliferation. Treatment with rec-Fsh at the lowest concentration of 1 ng/ml resulted in moderate spermatogenesis, as evident by the presence of late-type B spermatogonia or spermatocytes (data not shown). After 30 days of treatment at the higher concentrations (10 and 100 ng/ ml) of rec-Fsh, all developmental stages of the germ cells were present (Fig. 6C) . The effect of rec-Lh on spermatogenesis was concentration dependent. Late-type B spermatogonia and spermatocytes were the primary stages of the germ cells seen after treatment with 1 ng/ml and 10 ng/ml rec-Lh, respectively (data not shown). Treatment of the highest concentration (100 ng/ml) of rec-Lh induced the entire process of spermatogenesis (Fig. 6D ). All stages of germ cells were present in an hCGtreated group (positive control; data not shown).
Biological Activity of rec-Gths in Japanese Eel Gonads In Vivo
To test the bioactivity of rec-Gths in vivo, female eels received weekly injections of rec-Gths (100 lg/kg-BW) or SPE (6 mg/kg-BW; positive control). The GSI of each experimental group is shown in Figure 7 . Prior to hormonal administration, the mean GSI was 1.21 6 0.12. SPE treatment resulted in the induction of sexual maturation in over 80% of the female eels, with the GSI reaching 30.5 6 3.1. The differences in the mean GSI in rec-Fsh-treated (1.51 6 0.09), rec-Lh-treated (1.59 6 0.08), and saline-injected control fish (1.28 6 0.23) were not statistically significant. However, histological analysis of the ovarian tissues indicated that both rec-Gths induced vitellogenic growth (Fig. 8, C-D) , and the formation of yolk globules was often observed, especially in oocytes from the rec-FSHtreated group (Fig. 8C) . The oocytes in the ovary of the pretreatment control group and the saline-injected control group were at the previtellogenic growth stage, and only a small number of yolk globules were occasionally seen in one of five fish in the injected control group (Fig. 8A) .
Even a higher dose of rec-Gths (5 mg/kg-BW) failed to stimulate gonadal growth in immature male eels. The means GSI of rec-Fsh-treated (0.25 6 0.06) and rec-Lh-treated fish (0.20 6 0.03) were not significantly different from that in the saline-injected control (0.15 6 0.05). In contrast, hCG (5000 IU/kg-BW; positive control) administration resulted in a remarkable increase in the GSI (5.77 6 1.70) within 18 days. Histological analysis revealed late type B spermatogonia in testis from rec-Fsh-treated fish; however, only germ cells before proliferation were present in the rec-Lh-treated and saline-control group. On the other hand, hCG induced the full process of spermatogenesis, with germ cells at all stages being present (data not shown). 
DISCUSSION
In this study, recombinant Japanese eel Gths were produced in high abundance using Drosophila S2 cells with a protocol established for channel catfish Gths in our previous report [20] , and the biochemical property and biological activity in vitro and in vivo were extensively examined by multiple experiments.
Stable lines of S2 cells expressing each eel Gth subunit were successfully established; the recombinant proteins were produced in abundance, and the His-tag modified proteins were readily purified. Deglycosylation of these rec-subunits with Glycopeptidase F clearly indicates that these rec-subunits were glycosylated with N-glycans. The N-terminus amino acid sequences of each rec-Gth subunit indicate that the posttranslational modification of the primary structure was essentially identical to those of the native subunits (Cga and Fshb [45] ) or of the predicted mature peptide (Lhb [28] ). These findings indicate that S2 cells correctly recognize the sites for the glycosylation, the signal peptide for secretion into the medium, and the cleavage site for production of the mature peptides. Interestingly, only the Cga, but not the Fshb and Lhb, of the channel catfish was produced in abundance by S2 cells when produced individually [20] . The success of heterologous production of various species of fish Gth subunits by S2 cells may be highly dependent on the primary/secondary structure of the target subunit.
Heterodimeric rec-Fsh and rec-Lh of Japanese eel were also successfully produced. In Western blot analysis, antisera raised against each recombinant subunit clearly recognized the corresponding potential heterodimeric rec-Gth preparations. Further, it was also confirmed that the antibodies specifically recognized the corresponding single subunit preparation (data not shown); therefore. it was concluded that both Cga and b subunits were simultaneously expressed in and secreted from S2 cells. We do not presently have specific assay systems to determine the content of heterodimeric Gths and each single subunit in the conditioned medium; therefore, it could not be verified whether the original medium contained equal amounts of the Cga and b subunits. However, our strategy for construct design ensures that the purified rec-Gth preparations do not contain more of the Cga than the b subunit, and the presence of Cga in the IMAC-purified Gths is due to the association of the His-tagged b subunit because the Cga subunit of the heterodimeric Gths does not contain a His-tag. It is possible that there is more b subunit than Cga since the IMAC-bound b subunit may be the single subunit or a component of the heterodimer. However, SDS-PAGE analyses strongly indicate that the ratio of Cga and b subunits is not highly skewed. It is not known if the dimerization occurs inside the cell or in the medium.
The yields of rec-Fsh and rec-Lh were approximately 3.8 mg/l medium and 2.4 mg/l medium, respectively. Using the same expression system, the production of partially purified channel catfish rec-Gths (15% purity) yielded 7 mg/l medium and 4 mg/l medium [20] . The greater yield of eel rec-Gths may be primarily due to species-specific differences in b subunit production in S2 cells and/or the purification protocols employed.
Using reporter assay systems of eel Gthrs, it was proven that rec-Fsh and rec-Lh activate their receptors, whereas the individual subunits were ineffective, as reported for mammalian Gths [46] . The eel Fshr can be activated by both Fsh and Lh, which appears to be a common feature in fish [16, 20, 47] . The hormonal interaction of rec-Fsh and the activation of its receptor seems to be more efficient than rec-Lh/Lhr, as suggested by the lower effective concentrations (5 ng/ml of rec-Fsh compared to over 50 ng/ml rec-Lh). The African catfish system showed the same type of results when using a similar assay system [16] and in inducing testicular androgen production [20] .
The rec-Gth preparations clearly induced steroidogenesis and enhanced transcription of the gene encoding steroidogenic enzymes in immature testis of the eel. The greater responsiveness of the immature testis to rec-Fsh than to rec-Lh may be related to differences in receptor-ligand interactions or due to the immature nature of the testis. Recently, immunohistochemical analysis revealed that the Fshr is highly expressed in the Leydig cells of immature eel testis, which is where Cyp11a1 is also localized [36] . In addition, we have confirmed that these rec-Gths stimulated the incorporation of vitellogenin (a yolk precursor protein) into the oocyte in vitro (data not shown). Furthermore, immunoreactive cells for Fsh, but not for Lh, were detected in the pituitary of the immature male eel [45] . These findings strongly suggest that the rec-Gths are effective in ovarian and testicular gametic development in vitro and that Fsh is the primary Gth regulating steroidogenesis and spermatogenesis in immature male eel.
Even though the rec-Gths were very effective in vitro, the rec-Gths were essentially ineffective in vivo. Weekly administration of the rec-Gths (100 lg/kg-BW) induced only very moderate changes in the vitellogenic nature of the oocyte without increasing the GSI, whereas SPE induced an increase in GSI of greater than 30. Similarly, a physiologically relevant but much higher dose of rec-Gths administered in vivo into immature male eel failed to stimulate spermatogenesis. Similar findings were demonstrated using recombinant equine Lh/eCG produced by insect cell lines derived from Spodoptera frugiperda [22] . It has been demonstrated that recombinant glycoproteins produced by insect cells, including S2 cells, were glycosylated primarily with simple paucimannosidic N-glycans lacking sialylated antennae that prolong the half-life of glycoproteins in the blood [48] [49] [50] . Furthermore, it was reported that the macrophage mannose receptor specifically recognizes mannosylated proteins and degrades them through the mannose-specific C-type lectin receptor-dependent process [51] . We concluded that the lack of effectiveness of S2-produced rec-Gth administered in vivo is related to glycantargeted degradation. The mannosylated eel rec-Gths would be eliminated from the circulation by both hepatic and immune processes before they could affect a change at the level of the gonad.
Interestingly, rec-Fsh produced by the silkworm rapidly induced vitellogenic growth in Manchurian trout by 3 days after the single injection of 100 lg/kg-BW [18] . Therefore, it is concluded that silkworms possess the cellular machinery to produce glycoproteins that are compatible with fish systems, unlike S2 and Sf9 cells, even though the reasons for this difference remain to be elucidated. It may be useful to immortalize a cell culture derived from silkworms as a future system for heterologous production of vertebrate glycoproteins.
In teleostean fish, the purification of the Gths [4, [7] [8] [9] and production of their recombinant protein [15] [16] [17] [18] [19] [20] have received considerable attention in various species; however, little is known about the nature of their glycosylation and sialylation. Therefore, the detailed analysis and the comparison of carbohydrate moieties and the biological activities between the native and the recombinant Gths would be essential for further understanding the specific biological functions of Gths in vivo.
In this study, rec-Fsh and rec-Lh of Japanese eel were successfully produced in abundance by Drosophila S2 cells 944 and highly purified. The subunits of rec-Gth were glycosylated, cleaved, and secreted as mature soluble peptides. The biological activity of these preparations was confirmed by multiple in vitro assays, and their differences at the level of the gonad suggest differential actions of Fsh and Lh on steroidogenesis and gametogenesis in the Japanese eel gonads. This expression system has proven very useful for production of the functional rec-Gths, permitting the precise examination of their differential actions on reproductive biology in vitro. However, further attention is required to glycosylate the recGths with more complex and sialylated N-glycans in order to develop activity in vivo, which would enhance their usefulness in endocrine study and their application to the aquaculture industry.
